Abstract Inbred mouse strains serve as important models for human presbycusis or age-related hearing loss. We previously mapped a locus (ahl8) contributing to the progressive hearing loss of DBA/2J (D2) mice and later showed that a missense variant of the Fscn2 gene, unique to the D2 inbred strain, was responsible for the ahl8 effect. Although ahl8 can explain much of the hearing loss difference between C57BL/6J (B6) and D2 strain mice, other loci also contribute. Here, we present results of our linkage analyses to map quantitative trait loci (QTLs) that modify the severity of hearing loss associated with the D2 strain Fscn2 ahl8 allele. We searched for modifier loci by analyzing 31 BXD recombinant inbred (RI) lines fixed for the predisposing D2-derived Fscn2 ahl8/ahl8 genotype and found a statistically significant linkage association of threshold means with a QTL on Chr 5, which we designated M5ahl8. The highest association (LOD 4.6) was with markers at the 84-90 Mb position of Chr 5, which could explain about 46 % of the among-RI strain variation in auditory brainstem response (ABR) threshold means. The semidominant nature of the modifying effect of M5ahl8 on the Fscn2
Introduction
Inbred strains of mice vary widely in onset time and severity of age-related hearing loss (AHL), making strain background an important consideration when assessing the effects of a mutation on hearing. Like human presbycusis, the progressive hearing loss exhibited by inbred strains is non-syndromic and due to the effects of multiple genes with hypomorphic and low penetrant alleles that are manifested in a quantitative rather than qualitative manner (Noben-Trauth and Johnson 2009 ). More than 15 quantitative trait loci (QTLs) have been mapped that contribute to progressive hearing loss in laboratory mouse strains (Drayton and Noben-Trauth 2006; Johnson et al. 2008; Johnson and Zheng 2002; Johnson et al. 2000; Keller et al. 2011; Keller and Noben-Trauth 2012; Latoche et al. 2011; Mashimo et al. 2006; Nagtegaal et al. 2012; Nemoto et al. 2004; Noben-Trauth et al. 2010; Zheng et al. 2009) , and four underlying genes have been identified: Cdh23 (NobenTrauth et al. 2003) , Gipc3 (Charizopoulou et al. 2011) , Cs (Johnson et al. 2012) , and Fscn2 (Shin et al. 2010) .
Although the DBA/2J (D2) and C57BL/6J (B6) strains share the same AHL-predisposing Cdh23 allele (NobenTrauth et al. 2003) , D2 mice exhibit a much earlier onset and more rapid progression of hearing loss than the B6 mice . Scanning electron microscopic analysis has shown that hair cell stereocilia abnormalities and degeneration are likely responsible for the rapid hearing loss of D2 mice (Perrin et al. 2013; Shin et al. 2010) . A locus contributing to much of the hearing loss difference between these two strains was mapped to distal Chr 11 and designated ahl8 (Johnson et al. 2008) . A missense variant of the Fscn2 gene, unique to the D2 strain, was later shown to underlie ahl8-related hearing loss (Shin et al. 2010) . Although the Fscn2 genotype is a large contributor, it does not account for all of the ABR threshold variation seen in admixtures of D2 and B6 strain mice. Here, we describe our efforts to further dissect the genetic basis of the hearing loss differences between these two strains by analyses of derivative congenic strains, recombinant inbred strains, and a linkage backcross. We identified a QTL on Chr 5 with a statistically significant effect on hearing thresholds, which we designate M5ahl8 because of its modifying effect on the severity of hearing loss associated with the Fscn2 ahl8 variant of D2 mice Table 1. The analysis of modifier genes in mice is a powerful approach for identifying pathways of gene interactions and gaining insight into mechanisms of pathology, which may suggest novel therapeutic interventions in human genetic diseases (Friedman et al. 2000; Nadeau 2001) . Although modifier genes are frequent in human disease, allelic heterogeneity and environmental variation obscure their effects in small cohort sizes, and the inability for genetic manipulation limits systematic analysis, increasing the potential value of animal models (Hamilton and Yu 2012) . Genetic modifiers can be detected in mice by looking for Within-strain 8 kHz, 16 kHz, and 32 kHz threshold means with associated standard deviations (SD) and standard errors (SE), of mice from 31 BXD strains, tested at 7.5-9 months of age. All 31 strains have the homozygous DBA/2J genotype of Fscn2, so genetic variation in thresholds must be due to other loci. No statistically significant sex effects (ANOVA F-ratio probability 0.394) were detected in ABR thresholds at any frequency, so male (m) and female (f) values were combined strain background differences in inheritance or phenotype of a mutation and then mapped by analyses of appropriate linkage crosses, recombinant inbred strains, and congenic lines (Johnson et al. 2006) . This approach has been used successfully to identify several strain-specific modifiers of hearing in mice, including modifiers of hearing impairment caused by mutations of Atp2b2 (Noben-Trauth et al. 1997) , Tub (Ikeda et al. 1999) , Tmc1 (Noguchi et al. 2006) , Eya1 (Niu et al. 2008) , and Pou1f1 (Fang et al. 2011) . Molecular identification of the gene responsible for M5ahl8 will add to the list of strain-related hearing modifiers in mice and provide insight into Fscn2-related hearing loss.
Materials and methods

Mice
The DBA/2J and C57BL/6J inbred strains, the B6.D2-11D/ LusJ, B6.D2-Fscn2 ahl8 /4Kjn, and D2.B6-Fscn2 ? /Kjn congenic strains, and the BXD recombinant inbred strains examined in this study originated from The Jackson Laboratory (http://www.jax.org/). The B6.D2-11D/LusJ strain, developed and characterized by other investigators (Davis et al. 2005) reciprocal congenic strains by backcross introgression of B6-and D2-derived segments of Chromosome 11 (containing the Fscn2 locus) into the genomes of D2 and B6, respectively, as previously described: D2.B6-Fscn2 ? (Shin et al. 2010 ) and B6.D2-Fscn2 ahl8 (Perrin et al. 2013) . To define the extent of the congenic regions in each homozygous congenic strain, multiple markers along the length of Chromosome 11 were genotyped. The approximately 3 Mb B6-derived congenic region of D2.B6-Fscn2
? extends from a point distal to D11Mit104 (119.3 Mb) to the distal-most end of Chr 11, including rs3726373 (120.2 Mb), Fscn2 (120.4 Mb), and rs29441064 (120.9 Mb). The approximately 5 Mb D2-derived congenic region of B6.D2-Fscn2 ah8 extends from a point distal to D11Mit203 (116.4 Mb) to the distal-most end of Chr 11, including D11Mit104 (119.3 Mb), Fscn2 (120.4 Mb), and rs29441064 (120.9 Mb).
Hearing assessment by auditory-evoked brainstem response (ABR)
Hearing in mice was assessed by ABR threshold analysis, as previously described ). Mice were anesthetized with an intraperitoneal injection of tribromoethanol (0.2 ml of 12.5 mg/ml stock per 10 g of body weight), and then placed on a heating pad in a soundattenuating chamber. Needle electrodes were placed just under the skin, with the active electrode placed between the ears just above the vertex of the skull, the ground electrode between the eyes, and the reference electrode underneath the left ear. High-frequency transducers were placed just inside the ear canal, and computer-generated sound stimuli were presented at defined intervals. Thresholds were determined for 8, 16, and 32 kHz pure-tone stimuli by increasing the sound pressure level (SPL) in 10-dB increments followed by 5-dB increases and decreases to determine the lowest level at which a distinct ABR wave pattern could be recognized. Stimulus presentation and data acquisition were performed using the Smart EP evoked potential system (Intelligent Hearing Systems, Miami, FL).
Genotyping mice
Genomic DNA for genotyping mice was rapidly prepared from tail tips by hot sodium hydroxide and Tris (Hot SHOT) procedure (Truett et al. 2000) . Individual DNA samples from linkage mice were genotyped for multiple microsatellite markers and SNPs located on Chr 5. PCR was performed in a Bio-Rad PTC-200 Peltier Thermal Cycler. Amplification consisted of an initial denaturation at 97°C for 30 s followed by 40 cycles, each consisting of 94°C for 30 s (denaturation), 58°C for 30 s (annealing), and 72°C for 30 s for the first cycle, and then increasing by 1 s for each succeeding cycle (extension). After the 40 cycles, the product was incubated for an additional 10 min at 72°C (final extension). PCR products were separated on 2.5 % SeaKem gels (Lonza, Rockland, ME) and visualized by ethidium bromide staining.
The region of the Fscn2 gene that is associated with ahl8 in the DBA/2J inbred strain (Shin et al. 2010 ) was amplified by PCR from the genomic DNA of each of the BXD strains. To genotype Fscn2, we used a previously described single nucleotide polymorphism (SNP) genotyping method based on PCR amplification and EagI restriction enzyme digestion (Shin et al. 2010) , which alleviated the need for DNA sequencing.
Genetic mapping and statistical analysis
The online WebQTL mapping program (http://www.gene network.org/home.html) was used to analyze linkage associations of the mean ABR thresholds of 31 BXD RI strains with hundreds of previously typed SNP and microsatellite markers. Empirical estimates of the genomewide significance of association scores were computed by performing 2000 permutations (Churchill and Doerge 1994) . A significant association is defined as a statistical value that is expected to occur at random 0.05 times or less in a genome-wide scan for linkage (Lander and Kruglyak 1995) . Further ABR data analysis of the BXD strains was performed using the JMP 7.0 interactive statistics and graphics software program (www.JMP.com). One-way ANOVA was used to determine the statistical significance (F-ratio probability) of M5ahl8 genotypes on ABR thresholds and to estimate the percentage of among-strain ABR threshold variation that could be attributed to the M5ahl8 locus (adjusted R-square statistic).
Individual DNA samples from linkage backcross mice were genotyped for 120 SNP markers distributed throughout the genome. SNP genotyping was outsourced to LGC Genomics (http://www.lgcgroup.com/our-science/ genomics-solutions/). ABR thresholds for 8 , 16 , and 32 kHz stimuli were evaluated as quantitative traits, and the MapManager QTXb20 program of least-squares linear regression (Manly et al. 2001 ) was used to analyze linkage and localize marker associations with ABR thresholds.
Results
Reciprocal congenic strains
We previously reported on a D2.B6-Fscn2
? congenic line with a hearing loss profile at 2 months of age that was much less severe than that of the D2 recipient strain and very similar to that of the B6 donor strain, indicating that the B6-derived Fscn2 genotype has a large effect on ameliorating the hearing loss of mice on an otherwise D2 background (Shin et al. 2010) . Here, we report on our analysis of B6.D2-Chr 11D/LusJ (Davis et al. 2005 ), a B6 congenic strain with D2 donor strain alleles at the distal third of Chr 11, including the Fscn2 ahl8 allele, that contributes to the hearing loss of D2 mice. In contrast to the large hearing loss difference between the D2.B6-Fscn2
? congenic strain and the D2 parental host strain, the hearing loss profile of the B6.D2-Chr 11D/LusJ congenic strain was similar to that of the B6 parental host strain and much less severe than that of the D2 donor strain (Fig. 1) , indicating that the D2-derived Fscn2 genotype (ahl8/ahl8) has little effect on hearing in the context of the B6 genome at the 2-month test age. However, when B6.D2-Chr 11D/LusJ congenic mice were mated with D2 mice, the F1 hybrid progeny exhibited a severe hearing impairment at 2 months of age ( Fig. 1) . Because the congenic mice and F1 hybrids have the same Fscn2 ahl8/ahl8 genotype, the striking difference in their ABR thresholds indicates the influence of modifier genes, in which heterozygosity for D2 alleles outside of the congenc region worsens hearing loss in the Fscn2 ahl8/ahl8 F1 hybrids. Because the D2-derived Chr 11 congenic region of B6.D2-Chr 11D/LusJ is so large-about 40 Mb (Davis et al. 2005 )-we produced four subcongenic lines to refine the location of ahl8 (Fig. 2) . To accentuate the effect of ahl8, mice from each subcongenic line were mated with D2 mice and the resulting F1 hybrids were tested for ABR thresholds at 2 and 4 months of age. F1 hybrid mice derived from Line 1 and Line 4 exhibited threshold elevations of about 20 dB at 2 months of age and about 60 dB at 4 months of age, compared with the normal thresholds of Line 2 and Line 3, indicating that these two lines contained the ahl8 locus (Fig. 2) . Because Line 4 contained the smallest D2-derived segment (*5 Mb), it was chosen for development and distribution as the B6.D2-Fscn2 ahl8 /4Kjn (Stock #009629) congenic strain, hence designated B6.D2-Fscn2 ahl8 . Hearing loss progression in this congenic strain has been previously analyzed (Perrin et al. 2013 ), but here we present a hearing loss profile of mice from this strain at 3 and 6 months of age that is directly comparable (same test ages, same laboratory) with those of the reciprocal D2.B6-Fscn2
? /Kjn (Stock #12438) congenic strain, here designated D2.B6-Fscn2
? , and the B6 and D2 parental strains (Fig. 3) . At 3 months of age, mice of both congenic strains had 8 and 16 kHz ABR thresholds similar to those of B6 mice and 32 kHz thresholds similar to those of D2. At 6 months of age, the 8 kHz thresholds of the D2.B6-Fscn2
? congenic strain mice were similar to those of the B6 parental strain, whereas the 8 kHz thresholds of the B6.D2-Fscn2 ahl8 congenic strain mice were intermediate to those of the parental strains, the 16 kHz thresholds of both congenic strains were intermediate to those of the parental strains, and all strains had highly elevated 32 kHz thresholds. Clearly, the introgressed regions containing Fscn2 have an effect on hearing loss in both congenic strains, although the effect is seen at earlier ages in the D2.B6-Fscn2
? congenic strain than in the B6.D2-Fscn2 ahl8 congenic strain.
Mapping hearing modifiers with BXD recombinant inbred strains
As a first approach to map loci that modify ahl8-related hearing loss, we took advantage of the existing BXD recombinant inbred (RI) strains. We obtained mice from the Jackson Laboratory's Genetic Resources Repository: 5-8 retired breeders (7.5-9 months of age) from each of the 31 BXD RI lines that are homozygous for the D2 Fscn2 allele. Thus, variation among these RI strains cannot be Fig. 2 B6.D2-Chr11 congenic lines refine the ahl8 locus. Different segments of distal Chr 11 from DBA/2J (D2) mice were introgressed into the C57BL/6J (B6) genome and made homozygous. B6/B6 (B) or D2/D2 (D) genotypes of microsatellite markers D11Mit90, D11Mit360, D11Mit338, D11Mit203, and D11Mit104, the Fscn2 gene, and the rs29441064 SNP were used to define the D2-derived congenic regions of each line, shaded in gray. The number below each marker locus indicates its Chr 11 Mb position (GRCm38). F1 hybrids between mice of each homozygous line and D2 mice were tested for ABR thresholds at 2 and 4 months of age, and ahl8 genotypes were inferred from the average threshold values (elevated thresholds indicating hearing loss are shown in boldface). ABR thresholds of line 4 mice were not significantly different (p [ 0.1) from those of line 1 mice at either 2 months or 4 months of age, but were highly significantly different from those of mice from lines 2 and 3 at both ages (p \ 0.0001). The minimal region for the ahl8 locus deduced from these data is shown below the congenic line figures. Line 4 is now designated as strain B6.D2-Fscn2 ahl8 /4Kjn. N number of mice tested; SE standard error or threshold means ? (D2.B6-?, N = 8) reciprocal congenic strains compared with those of C57BL/6J (B6, N = 18) and DBA/2J (D2, N = 11) parental strain mice at 3 and 6 months of age. Bars represent standard errors of threshold means. The effects of the Fscn2 locus on hearing loss are apparent in both congenic strains. The 8-and 16-kHz thresholds of D2.B6-? congenic mice are significantly lower than those of parental D2 mice (p \ 0.01) at 3 months of age, and the 8-and 16-kHz thresholds of B6.D2-ahl8 congenic mice are significantly higher than those of parental B6 mice (p \ 0.01) at 6 months of age attributed to Fscn2 variation. Considerable threshold variation was observed among the RI strains (Fig. 4) , suggesting that other genetic factors modify the hearing loss effect of the D2 Fscn2 variant. For the 8 kHz and 16 kHz stimuli, a high proportion of the total ABR threshold variation was explained by among-strain variance (ANOVA adjusted R-square values of 0.68, and 0.55, respectively), indicating a strong genetic component. Because of the old age of the mice when tested, the high frequency 32 kHz ABR thresholds were uniformly high in mice of all RI strains (adjusted R-square = 0.13) and therefore not useful for mapping.
We used the WebQTL mapping program of the GeneNetwork website (http://www.genenetwork.org/home. html) to perform QTL mapping analysis, treating 8 and 16 kHz ABR thresholds as quantitative traits. The set of BXD RI lines has been genotyped for over 750 markers, providing a high marker density for phenotype linkage associations (Williams et al. 2001) . A genome-wide scan for linkage associations revealed a single genomic region (on Chr 5) with statistically significant LOD scores (Fig. 5a ). The peak association for 8 kHz threshold associations was with the SNP markers rs13478357 and rs13478361 (LOD 4.6) at the 84 Mb position of Chr 5, with the 1.5-LOD confidence interval extending from 80 to 92 Mb, and the more conservative 3-LOD confidence interval from 74 to 116 Mb (Fig. 5b) . Genotypes of markers at the peak association can explain 46 % (adjusted R-square value) of the among-strain threshold variation. Analyses of 16 kHz thresholds gave similar results. We named this QTL M5ahl8 to indicate that it is on Chr 5 and modifies ahl8-related hearing loss. Average 8 and 16 kHz ABR thresholds of RI lines with DBA/2J alleles at the M5ahl8 locus are statistically significantly higher than those of RI lines with C57BL/6J alleles at this locus: mean elevations of 18 dB for 8 kHz thresholds and 13 dB for 16 kHz thresholds (Fig. 5c ).
M5ahl8 effects on hearing confirmed with a linkage backcross
To test the effect of the M5ahl8 QTL on ABR thresholds in another population of mice segregating B6 and D2 alleles but at a younger age and with different genotypes, we analyzed a backcross involving the B6.D2-Chr 11/Lus congenic strain and D2 mice. We mated congenic strain mice with D2 mice and then backcrossed the F1 hybrids to the congenic strain mice. We use the notation (B6.D2-Chr11D 9 D2) 9 B6.D2-Chr11D to represent this backcross. All loci in N2 progeny from this cross will be either homozygous for B6 alleles (BB) or heterozygous for B6 and D2 alleles (BD) except for loci in the distal Chr 11 congenic region (containing ahl8), which is homozygous for D2 alleles (DD). 180 N2 progeny from the (B6.D2-Chr11D 9 D2) 9 B6.D2-Chr11D backcross mice (all having ahl8/ahl8 genotypes) were tested for ABR thresholds at 12 weeks of age. The numbers of backcross mice in each of seven 16 kHz threshold categories show a skewed and slightly bimodal frequency distribution (Fig. 6a) , with a large peak centered around normal thresholds (10-20 dB SPL) and a second minor peak centered around 55-60 dB SPL. This type of frequency distribution suggests that the modifier effect on hearing is caused by multiple loci with small effects rather than few loci with large effects.
We undertook a genome-wide screen for linkage of ABR thresholds with 120 SNP markers located throughout the genome. Out of a total of 180 N2 backcross mice produced, we chose 43 mice with the lowest thresholds and 42 mice with the highest thresholds for linkage analysis. SNP rs3023047 (92 Mb position on Chr 5) showed a statistically significant linkage association with 16 kHz ABR thresholds (LOD = 3.3), but not with 8 kHz (LOD = 1.9) or 32 kHz thresholds (LOD \ 1.5) thresholds. No other marker loci in the genome screen showed significant linkage with ABR thresholds. Because SNP rs3023047 was within the M5ahl8 region defined by the BXD RI analysis, we used it as a marker for M5ahl8 to analyze the effect of this locus on the ABR thresholds of N2 backcross mice. The average 16 kHz threshold of N2 mice with BD genotypes was about 15 dB higher than that of mice with BB genotypes (Fig. 6b) . That linkage analysis of RI strain mice and backcross mice both detected a significant linkage association of ABR thresholds with the M5ahl8 QTL provides strong evidence for the legitimacy this locus in modifying Fscn2 ahl8 -related hearing loss. The backcross results show a modifying effect of the heterozygous BD genotype on hearing loss in Fscn2 ahl8/ahl8 mice that is not Fig. 4 ABR threshold variation among BXD recombinant inbred strains with DBA/2J-derived Fscn2 alleles. 8 kHz threshold means and standard deviations are shown for 6-10 mice from each of 31 BXD RI strains, all homozygous for the DBA/2J-derived allele of Fscn2. All mice were tested from 7.5 to 9 months of age. Note that the among-strain threshold variation is greater than the within-strain variation, which indicates that genetic factors have a significant effect on threshold values as strong as that of the DD genotype of RI strain mice, suggesting the the D2-derived M5ahl8 allele acts in a semidominant fashion.
Discussion
Auditory function is a highly complex trait requiring the proper functioning and interactions of hundreds of genes. Hearing loss caused by disruptions of major genes often can be easily detected; however, the degree of hearing loss can be quite variable depending on genetic background.
Identification of interacting genes or modifiers can provide much insight into the underlying pathways of auditory pathology, and mice offer advantages for such studies (Hamilton and Yu 2012; Nadeau 2001) . Here, we report on our mapping of a QTL (M5ahl8) that modifies the progressive hearing loss associated with a D2-specific variant of FSCN2 by analyzing phenotypic variation in admixtures of B6 and D2 strain mice. The correspondence of mapping results from RI lines and backcross mice provide confirmation that the M5ahl8 QTL lies within the 74-116 Mb region of Chr 5 and has a significant modifying effect on the hearing loss caused by . c The effect of M5ahl8 genotypes on ABR thresholds of RI strain mice. Markers located in the 82-88 Mb region of Chr 5 were used to assign M5ahl8 genotypes for each RI strain: DD, homozygous for DBA/2J alleles; BB, homozygous for C57BL/6J alleles. The average 8 and 16 kHz thresholds of RI strain mice with DD genotypes at M5ahl8 were statistically significantly higher (p \ 0.0001) than those of RI strain mice with BB genotypes
Fscn2
ahl8 homozygosity. A previously reported modifier QTL (Tmc1m4) that affects outer hair cell degeneration in Beethoven (Tmc1 Bth/? ) mutant mice was mapped to the same region of Chr 5 between D5Mit394 (54.3 Mb) and D5Mit161 (126.9 Mb) and, like M5ahl8, involves a susceptibility allele derived from the D2 strain (Noguchi et al. 2006) . Tmc1m4 was mapped by analysis of Tmc1
Bth/? N2 progeny from a (C3H-Tmc1
Bth 9 D2) F1 hybrid 9 C3H backcross. Like D2-Fscn2 ahl8/ahl8 mice (Perrin et al. 2013; Shin et al. 2010) , Tmc1
Bth/? mice exhibit a progressive outer hair cell degeneration, which is worsened by a single copy of the D2-derived Chr 5 modifier allele. D2-derived alleles of both M5ahl8 and Tmc1m4 worsen the degree of outer hair cell degeneration, with more severe degradation in the basal turn, consistent with the tonotopic organization of the cochlea and an initial onset of high-frequency hearing loss. These similarities suggest that M5ahl8 and Tmc1m4 may represent the same D2-derived hearing loss modifier gene.
Both FSCN2 and TMC1 are components of the hair cell stereocilia and, therefore, it is reasonable that the same gene could modify the hair cell loss phenotypes of both Fscn2 and Tmc1. Beta actin (ACTB1), another component of hair cell stereocilia, was shown to cooperate with FSCN2 to maintain stereocilia length, and defects of both proteins were shown to cause a more severe hearing loss than single mutants, suggesting a common stereocilia maintenance pathway (Perrin et al. 2013) . A genetic factor such as M5ahl8/Tmc1m4 may be involved in the same pathway and could modify the deleterious effects associated with defects in other pathway components (such as FSCN2 and TMC1). D2 mice also have a deleterious variant of CDH23 (Noben-Trauth et al. 2003 ) that is epistatic to the effects of the FSCN2 variant (Johnson et al. 2008) . CDH23 is a component of the stereocilia tip link, supporting the view that the polygenic nature of the progressive hearing loss of D2 mice is at least partially due to deficiencies in multiple stereocilia components conferring functional integrity. The increased need to repair functionally compromised stereocilia could lead to oxidative stress and hair cell apoptosis.
A recently reported linkage study of (DBA/2J 9 C57BL/6J) F1 9 DBA/2J backcross mice identified three QTL likelihood peaks in the 53-126 Mb region of Chr 5 that are associated with hearing loss susceptibility in DBA/ 2J mice (Suzuki et al. 2015) ; one of the peaks overlaps the M5ahl8 QTL map position and may represent the same D2 gene variant. While our study focused on mapping loci that modify the hearing loss of Fscn2 ahl8/ahl8 homozygous mice, the results recently reported by Suzuki et al. (2015) suggest that the modifier locus we identified on Chr 5 may also affect the hearing loss of Fscn2 ?/ahl8 heterozygotes. Age-related hearing loss 2 (ahl2) is another hearingrelated QTL mapping to the M5ahl8 region on Chr 5 A B Fig. 6 Backcross linkage analysis confirms M5ahl8 effect on ABR thresholds. a 180 N2 mice from the (B6.D2-ahl8 9 D2) 9 B6.D2-ahl8 backcross were tested for ABR thresholds at 12 weeks of age. (Johnson and Zheng 2002) . The genetic map position of ahl2 overlaps with the M5ahl8 QTL, but because ahl2 was derived from the NOD strain and M5ahl8 from the D2 strain, they probably are not the same ancestral gene variant (NOD and D2 are not closely related lineages). They could, however, be independently arising deleterious alleles of the same gene or variants of linked genes within the candidate region. The large differences in ABR thresholds between B6.D2-Chr 11D/LusJ congenic strain mice and (B6.D2-Chr 11D/LusJ 9 D2) F1 hybrids (Fig. 1) indicated that heterozygous expressions of D2-derived alleles at modifier loci worsen the hearing loss of mice with the ahl8/ahl8 genotype. We sought to genetically map these modifier loci by analysis of (B6.D2-Chr 11D/LusJ 9 D2) F1 9 B6.D2-Chr 11D/LusJ backcross mice, which were homozygous for D2 alleles in genes at the distal region of Chr 11 (obligate ahl8/ah8 genotype) but had either B6/B6 (BB) or B6/D2 (BD) genotypes in genes at other regions of the genome. The ABR frequency distribution among progeny from this backcross indicated that the modifier effect of the D2-derived alleles was polygenic in origin, with no single locus having a large effect (Fig. 6) . If a single locus was primarily responsible for the modifier effect, then a strongly bimodal threshold frequency distribution would be expected among the backcross mice. Instead we found that the locus with the largest effect (M5ahl8) could account for only 16 % (LOD 3.3) of the variation in 16 kHz thresholds among the backcross mice. In contrast, M5ahl8 could account for 46 % (LOD 4.6) of the variation in 8 and 16 kHz thresholds among the BXD RI strains, possibly because the homozygous DD genotype of the RI strain mice has a greater effect on hearing loss susceptibility than does the heterozygous BD genotype of the backcross mice. An intercross mapping strategy, which could also distinguish semidominant from dominant effects of the alleles, may have shown a stronger effect than the backcross.
Although several genes with mutations that affect hearing are located within the 3-LOD confidence interval of M5ahl8 (74-116 Mb region of Chr 5), including Kit, Scarb2, Gfi1, Cplx1, P2rx2, and Trpr4, none contain SNP variants that differ between B6 and D2 and that are predicted to cause missense or splice site mutations. We did, however, find three genes with SNPs fitting these criteria that have been shown by Unigene EST profiles to be expressed in the inner ear: ankyrin repeat domain 17 (Ankrd17, 90.3 Mb), SDA1 domain containing 1 (Sdad1, 92.3 Mb), and matrix extracellular phosphoglycoprotein (Mepe, 104.3 Mb) . Ankrd17 is widely expressed in many tissues including the inner ear. Only a single SNP variant of the Ankrd17 gene differs between B6 and D2 and is predicted to cause a missense mutation. Five Sdad1-encoding ESTs from the inner ear (one from adult and four from otocyst) are listed in Unigene. Four SNP variants in the Sdad1 gene differ between C57BL/6J and DBA/2J and are predicted to cause missense mutations. Although Mepe is thought to be involved in bone mineralization, the Mepe gene shows a high and nearly exclusive expression in the inner ear (8 out of 9 Unigene entries), and there are 27 SNP variants in Mepe that differ between B6 and D2 and that are predicted to cause missense mutations. Other genes with undiscovered inner ear expression or with B6-D2 DNA differences that occur outside of coding regions must also be considered as possible candidates for the M5ahl8 phenotype.
New resources such as the complete genome sequences of multiple inbred mouse strains (http://www.sanger.ac.uk/ resources/mouse/genomes/) and new tools such as CRISPR/Cas9 for rapid candidate gene validation (Inui et al. 2014) should help identify the genes underlying modifier QTLs that have been detected by genetic mapping but not molecularly defined. Identification of the gene responsible for the M5ahl8 QTL will provide insight into the molecular pathways underlying Fscn2 ahl8 -related progressive hearing loss and identify genetic interactions and molecular pathways that contribute to AHL in mice, which could aid in the discovery or validation of human candidate genes that may contribute to presbycusis.
